Ataxia-telangiectasia (A-T) is a human genetic disorder caused by mutational inactivation of the
1 is an autosomal recessive disorder characterized by progressive cerebellar ataxia, immunodeficiency, premature aging, gonadal dysgenesis, extreme radiosensitivity, and a high incidence of lymphoreticular malignancies (for review, see Ref. 1) . Functional inactivation of the ATM gene product accounts for this complex phenotype (2, 3) . ATM, the product of the ATM gene, is a member of a family of large proteins kinases found in various organisms, which share a carboxyl-terminal phosphatidylinositol 3-kinase-like domain (4) . ATM is a serine/threonine protein kinase that mediates the activation of multiple signal transduction pathways following the induction of DNA double-strand breaks (DSBs) (4, 5) .
Atm-null mice that were created by disrupting the Atm locus (6 -8) recapitulate most of the features of the human A-T phenotype and display growth retardation, male and female infertility, extreme predisposition to thymic lymphomas, and acute sensitivity to ionizing radiation. Of note, the neurological symptoms of the disease are very mild in the animal model and can be observed only after challenging tests (6, 9, 10) .
Cells derived from A-T patients and Atm-deficient mice exhibit genomic instability, extreme sensitivity to DNA breaking agents, and a broad defect in the activation of the cell cycle checkpoints and other pathways by DSBs (4, 5) . However, A-T cells are not sensitive to UV light or to replication inhibitors. To activate the cell cycle checkpoints and to modulate DNA repair, ATM phosphorylates a number of downstream targets, including p53, Mdm2, Brca1, Chk2, and Nbs1 (reviewed in Refs. 11 and 12). ATM can be activated by DSBs that occur during meiosis or V(D)J recombination, or by internal or external DNA damaging agents, such as ionizing radiation, radiomimetic chemicals, and reactive oxygen species. There is evidence of the ability of ATM to bind to DNA in vitro (13, 14) . Recent evidence indicates that following the induction of DSBs, a fraction of ATM binds tightly to the chromatin, in accordance with the suggested role of ATM in the early steps of the DNA damage response (14) .
Evidence is accumulating that ATM is involved in maintaining genomic stability under normal, apparently nonstressed conditions. In the murine developing nervous system, ATM appears to mediate ionizing radiation-induced death (16) . This finding led to the hypothesis that ATM functions during nervous system development to eliminate neuronal cells that suffered from genomic damage (16) . ATM was also shown to be required for the execution of apoptosis in all areas of the developing nervous system in a model of a DNA ligase IV-deficient mouse (17) .
Genomic instability or accumulation of unrepaired DNA damage can lead to constant activation of the DNA repair mechanisms, resulting in depletion of pyridine nucleotides and ATP (reviewed in Ref. 41) . The mitochondria, which play a pivotal role in maintaining energetic homeostasis, are highly sensitive to stress conditions (18) . Thus, genomic integrity, pyridine nucleotide levels, and mitochondrial activity are highly interconnected and can be used to monitor the health of an animal, organ, or individual cells.
Pyridine nucleotides are involved in numerous essential catabolic and biosynthetic reactions in living organisms (19) . More than 200 enzymes are known to catalyze reactions in which NAD ϩ or NADP ϩ accept a hydride ion from reduced substrates or NADH or NADPH donates hydride ions to oxidized substrates. One of the important functions of NADH and NADPH is to provide reducing equivalents in reactions that are crucial for the antioxidant capacity of the cells. These include enzymes such as glutathione reductase, whose role is to reduce oxidized glutathione. In addition to NADH, NAD ϩ serves as a cofactor for enzymes such as PARP and SIR2, which are involved in DNA repair mechanisms and transcriptional silencing (20 -22) . Furthermore, NADPH was shown to bind and activate catalase, the enzyme that decomposes hydrogen peroxide (23, 24) . Thus, the cellular concentrations of pyridine nucleotides, as well as the ratio of oxidized/reduced species, are crucial for maintenance of cellular and tissue homeostasis.
In this study we used Atm-deficient mice to study the contribution of ATM to protection against neuronal DNA damage and to maintenance of cellular concentrations of pyridine nucleotides. Using TUNEL analysis, we show that loss of Atm leads to a progressive accumulation of DNA damage in the cerebellum. We also found a significant decrease in NAD ϩ , NADH, and NADP ϩ levels in the brains of Atm(Ϫ/Ϫ) mice. These phenomena were progressive and observed primarily in the cerebellum of 4-month-old Atm-deficient mice. Interestingly, and contrary to the findings in the cerebellum, significantly higher levels of NADH and NAD ϩ and a higher NADH/ NAD T ratio were measured in the cerebrum than in the cerebellum of normal mice.
MATERIALS AND METHODS
Mice-Atm(ϩ/Ϫ) mice (6) were a generous gift from Dr. WynshawBoris. Offspring of these mice were genotyped by PCR-based assays using mouse-tail DNA, prepared with the Bio-Ventures Co. GeneReleaser TM reagent (Bio-Ventures Co., Murfreesboro, TN). TUNEL Analysis-TUNEL analyses were performed on brain slices using the ApopTag Plus Peroxidase S7101 system according to the manufacturer's instructions (Intergen, Purchase, NY). The brains of 1-and 4-month-old mice (Atm(ϩ/ϩ) and Atm(Ϫ/Ϫ)) were fixed using whole body perfusion (2% formaldeyhde in 37.5 mM phosphate buffer, pH 7.4, 75 mM lysine, and 10 mM sodium periodate (which was added just prior to the perfusion)), after which paraffin-embedded sections were prepared from each brain and subjected to TUNEL staining. Three randomly chosen sections from each brain were observed under the Olympus BX50 microscope and acquired with a Pixera (Los Gatos, CA) color camera (resolution 1280 ϫ 1024 pixels, 24 bits RGB) interfaced to a G3 Macintosh (Apple). The digitalized (TIFF format images) TUNEL sections were processed using the histogram command (NIH image 1.62 software), which displays the gray value histograms produced by the command. This function shows, for each of the 256 possible gray values, the number of pixels within the selection that have values. Data were then normalized to frequency histogram. The resultant histograms were compared using the Kolmogorov-Smirnov test.
Immunohistochemistry-Brain slices of 1-and 4-month-old mice (Atm(ϩ/ϩ) and Atm(Ϫ/Ϫ)) were deparaffinized by xylene and then rehydrated. After antigen retrieval, blocking, and quenching the internal peroxidase activity by hydrogen peroxide, the slices were incubated overnight with anti-caspase-3 antibodies (1:250 dilution, purified monoclonal rabbit anti-active caspase-3, catalog number 559565 BD, PharMingen). Antibody-antigen complexes were visualized using the histostain-plus kit according to the manufacturer's instructions ((Zymed Laboratories Inc., San Francisco, CA).
Tissue Collection and Preparation of Tissue Extracts-After anesthetizing the mice by CO 2 -induced asphyxiation, brains were removed, washed with cold phosphate-buffered saline, quick frozen in liquid nitrogen and stored at Ϫ70°C. Prior to assays, samples of cerebellum and cerebrum were thawed and homogenized (cerebellum in 1 ml and cerebrum in 2 ml) in a homogenization buffer containing 20 mM NaHCO 3 , 100 mM Na 2 CO 3 , and 10 mM nicotinamide (24) . The extracts were sonicated twice for 5 s and centrifuged for 1 h at 89,000 ϫ g, after which the supernatants were collected and used for quantification of pyridine nucleotides.
Assay of Pyridine Nucleotide-NAD ϩ , NADP ϩ , and their reduced forms were assayed using spectrophotometric enzymatic cycling assays, by slight modifications of previously described methods (25) (26) (27) . To destroy the oxidized form of NAD ϩ and NADP ϩ , a portion of the crude extract, or a standard containing a mixture of the nucleotides (each at a concentration of 10 -80 pmol of NAD ϩ and 50 -125 pmol of NADP ϩ in a total volume of 1 ml), were incubated at 60°C for 30 min in a dry heating block and promptly chilled to 0°C. Both heat-treated extracts contained NADH and NADPH, and the untreated preparations that contained the oxidized and reduced forms of the nucleotides were immediately analyzed for NAD ϩ , NADH, NADP ϩ , and NADPH. The reaction mixture for assaying NAD ϩ (27) contained 100 mol of Tris-HCl, pH 8, 2 mol of phenazineethosulfate, 0.5 mol of 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide, 0.2 mg of alcohol dehydrogenase (Sigma, catalog number A-3263), 600 mol of ethanol, and extract of standards containing 10 -80 pmol of NAD ϩ and/or NADH in a total volume of 1 ml. The NADP assay was a modification of the method of Nisselbaum and Green (24) . The reaction mixture contained 100 mol of Tris-HCl, pH 8, 5 mol of Na 4 EDTA, 2 mol of phenazineethosulfate, 0.5 mol of 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide, 1.3 IU glucose-6-phosphate dehydrogenase (Sigma, catalog number G-4134), 1 mol of glucose 6-phosphate, and extract containing 5-60 pmol of NADP ϩ and/or NADPH in total volume of 1 ml. EDTA was included to prevent the possible activation of glucose-6-phosphate dehydrogenase by Mg 2ϩ from the extracts. Reaction mixtures were preincubated for 5 min at 37°C without ethanol or glucose 6-phosphate and were started by adding these substrates. Under these conditions, the rate of increase of absorbance at 570 nm was linear for at least 10 min and was proportional to the quantity of pyridine nucleotide present. In both assay systems, blanks without NAD ϩ or NADP ϩ were routinely performed to correct for background rates due to variable small quantities of tightly bound NAD ϩ and NADP ϩ in the alcohol dehydrogenase and glucose-6-phosphate dehydrogenase preparations.
Mitochondrial Isolation-Cerebral and cerebellar mitochondria were isolated from 4-month-old Atm(ϩ/ϩ) and Atm(Ϫ/Ϫ) animals by the method of Rosenthal et al. (28) . In brief, the mice were decapitated and the cerebrum and cerebellum were rapidly removed, washed, minced, and homogenized in a Dounce glass tissue homogenizer (via six strokes each with a loose-fitting pestle and then a tight-fitting pestle) at 4°C in 10 ml of isolation medium (225 mM mannitol, 75 mM sucrose, 5 mM HEPES, and 1 mM EGTA). Single cerebrum and cerebellum homogenates were brought to 15 ml and then centrifuged at 2,000 ϫ g for 3 min. The supernatants were centrifuged at 12,000 ϫ g for 13 min. The pellets including the fluffy synaptosomal layer were resuspended in isolation medium and centrifuged at 12,000 ϫ g for 15 min. The brown mitochondrial pellets without the synaptosomal layer were then resuspended again in 0.8 ml of cerebrum and 0.4 ml of cerebellum.
Mitochondrial Respiration-Respiration measurements were determined polarographically with a thermostatically controlled (37°C) Clark oxygen electrode (Yellow Springs Instrument Co., Yellow Springs, OH) according to the method of Rosenthal et al. (28) in standard respiration medium containing 125 mM KCl, 2 mM K 2 HPO 4 , 1 mM MgCl 2 , 5 mM K-HEPES, pH 7.0, 1 mM EGTA, 100 mM glutamate, and 40 mM malate. Mitochondria (0.5 mg of protein/ml) were added to 0.4 ml of medium in a water-jacketed chamber (Gilson, Middleton, WI). Active state 3 respiration rates were determined by the addition of ADP (6.25 mM), and the resting state 4 rates were determined in the presence of malate and glutamate. Evaluation of state 3 and state 4 rates occurred over ϳ3-5 min for each sample.
Protein Content-Protein concentration was determined according to the method of Bradford (29) using bovine serum albumin as standard.
Statistical Analysis-Results were analyzed using two-tailed Student's t test. Data were expressed as mean Ϯ S.E. and p values Յ 0.05 were considered significant. Kolmogorov-Smirnov analysis was used to determine the statistical significance of the differeces in TUNEL staining between Atm(ϩ/ϩ) and Atm(Ϫ/Ϫ) cerebra and cerebella. p values Յ 0.05 were considered significant.
RESULTS

Accumulation of DNA Damage in Atm-deficient Brains-
TUNEL staining detects free 3Ј-OH DNA ends of single-and double-strand DNA breaks and therefore serves as a semiquantitative assay for cells undergoing DNA damage or apoptosis (30) . Stronger TUNEL staining reflects higher levels of DNA breaks. To determine whether loss of Atm may lead to ongoing accumulation of DNA breaks, we applied the TUNEL assay to brain slices from Atm(Ϫ/Ϫ) and Atm(ϩ/ϩ) mice and monitored the intensity of the staining. Clear differences were observed between the two genotypes in the staining intensities of cerebellar slices from 4-month-old mice (Fig. 1C) , while 1-monthold mice exhibited less pronounced differences between the genotypes. The brain areas on which the TUNEL analysis was performed are shown in Fig. 1, A and B. We focused on the granular layer of the cerebellum and cortical and subcortical layers of the cerebrum. The quantification of the TUNEL staining was obtained by calculating the average intensity of the pixels in each nucleus. These values were then normalized to the frequency histogram, which represents the percentage of nuclei that have these values. At the age of 1 month, a small but nonsignificant increase in TUNEL staining was observed in Atm(Ϫ/Ϫ) cerebella compared with their control littermates ( Fig. 2A) . Whereas 0.11% (we have arbitrarily chosen to focus on OD ϭ 80, calculated by integrating the histograms, since the amount of cells displaying the OD values in control samples is very low) of the total TUNEL-stained cells in Atm(ϩ/ϩ) cerebellum displayed a higher level of TUNEL staining, 0.8% of the cells in Atm(Ϫ/Ϫ) cerebellum showed similar or stronger TUNEL staining. However, the inset plot ( Fig. 2A) shows that these differences are not statistically significant. The differences in TUNEL staining were progressive and intensified with age. Fig. 2B shows a clear distinction between the two peaks where the TUNEL staining of Atm(Ϫ/Ϫ) cerebella is stronger compared with Atm(ϩ/ϩ) littermates. The number of cells that displayed TUNEL staining stronger than OD ϭ 80 in 4-monthold Atm(ϩ/ϩ) cerebella was slightly increased and reached 0.46%. On the other hand, 3.2% of the cells in Atm(Ϫ/Ϫ) cerebella showed similar or stronger TUNEL staining (Fig. 2B ). These differences are statistically significant as shown in the inset plot (p Ͻ 0.01). Interestingly, 9.9% of the TUNEL-stained cells in young (1 month) Atm(Ϫ/Ϫ) cerebra showed stronger TUNEL staining compared with 0.25% of the cells in their Atm(ϩ/ϩ) littermates (Fig. 3A) . At an older age (4 months), the Atm(Ϫ/Ϫ) cerebra seemed to recover, and the number of cells that displayed a high level of TUNEL staining was reduced to 0.58% compared with 0.075% of the cells in the Atm(ϩ/ϩ) cerebra (Fig. 3B) . The TUNEL staining in 1-month-and 4-month-old Atm-deficient cerebra was significantly stronger than in their Atm(ϩ/ϩ) littermates (inset plots; p Ͻ 0.01 and p Ͻ 0.05, respectively). To test whether stronger TUNEL staining is accompanied by the activation of apoptotic pathways, we stained the brain slices with anti-active caspase-3 antibodies. We found no signs of caspase-3 activation in either Atm(Ϫ/Ϫ) or their Atm(ϩ/ϩ) littermates, suggesting that Atm loss leads to DNA damage but not to the activation of caspase-3-dependent apoptotic pathways (data not shown). Taken together, our findings indicate that DNA breaks in the cerebellum accumulate with age, whereas the cerebrum recovers progressively from an early onset of DNA breaks.
Reduced Levels of NAD T in Atm-deficient Cerebella-Accumulation of DNA breaks detected in the Atm-deficient cerebella often resulted in the depletion of pyridine nucleotides, especially NAD ϩ (reviewed in Ref. 31 ). To test whether Atm deficiency can alter the levels of pyridine nucleotides, NAD T (i.e. NADH ϩ NAD ϩ ) levels were assayed in cerebella and cerebra
FIG. 1. TUNEL-labeled nuclei in Atm(؊/؊) and Atm(؉/؉) cerebella.
Brain slices were prepared from 1-month-and 4-month-old Atmdeficient and control mice and subjected to hematoxilin/eosine and TUNEL staining. A, low magnification of hematoxilin/eosine-stained cerebellar and cerebral slices, which were taken from 4-month-old Atm(ϩ/ϩ) mice are presented. The entire cerebellum is shown, while a dark staining reveals the granular layer. On the other hand, only a section of the cerebrum is presented that contains cortical and subcortical layers, which are found in the vicinity of the hippocampus (see 
FIG. 2. Accumulation of DNA damage in Atm(؊/؊) cerebella.
Brain slices were prepared from 1-month-(A) and 4-month-old (B) Atm(Ϫ/Ϫ) (black) and Atm(ϩ/ϩ) (gray) mice and subjected to TUNEL staining. The slices were photographed and subsequently digitalized. The intensity of the TUNEL staining (OD) was plotted against the percentage of cerebellar cells (frequency). Note that at 4 months of age (B) there is a clear distinction between the two peaks, which reaches statistical significance as demonstrated by the Kolmogorov-Smirnov analysis (the inset plot). At 1 month of age (A), the differences between the peaks are not statistically significant (the inset plot, p Ͻ 0.01). Each experiment was performed on three animals. The data represent three independent experiments. of Atm(Ϫ/Ϫ) and control animals as described under "Materials and Methods." At 4 months of age, a significant reduction in cerebellar levels of NAD T was observed in Atm(Ϫ/Ϫ) mice compared with their Atm(ϩ/ϩ) littermates (42%, p Ͻ 0.01) (Fig.  4B ). Both the reduced form (NADH) and the oxidized form (NAD ϩ ) were lower in these mice (32%, p Ͻ 0.024; 52%, p Ͻ 0.0074, respectively). At the age of 1 month, however, no differences could be detected in NADH and NAD ϩ between Atm(Ϫ/Ϫ) and Atm(ϩ/ϩ) cerebella (Fig. 4A) . A lower NADH/ NAD ϩ ratio was measured in 4-month-old Atm(Ϫ/Ϫ) cerebella compared with control mice (0.29 and 0.43, p ϭ 0.15). On the other hand, no differences in NADH or NAD ϩ levels in the cerebra of Atm(Ϫ/Ϫ) mice and their control littermates could be observed (Fig. 4, C and D) . These results demonstrate a progressive reduction in the levels of NAD T in Atm(Ϫ/Ϫ) mice, which is specific to the cerebellum and may result in impaired cellular homeostasis.
Interestingly, in 4-month-old Atm(ϩ/ϩ) mice, cerebral NAD T and NADH levels were found to be significantly higher than the cerebellar levels in same-age Atm(ϩ/ϩ) mice (1.95-fold increase, p Ͻ 0.033, and 3.9-fold increase, p Ͻ 0.008, respectively) (Fig. 4, B and D) .
NADP T Levels Are Also Reduced in Atm-deficient CerebellaSimilar to NAD T , a significant reduction in NADP T levels (28%, p Ͻ 0.044) and NADP ϩ (37%, p Ͻ 0.003) was observed in the cerebella of 4-month-old Atm(Ϫ/Ϫ) mice. This change was the result of a significant decrease in NADP ϩ (37% p Ͻ 0.003) with no change in NADPH (Fig. 5A) . Consequently, the cerebella of Atm(Ϫ/Ϫ) mice displayed a higher ratio of NADPH/NADP ϩ compared with their Atm(ϩ/ϩ) littermates (Fig. 5) . No such changes were observed in 4-month-old Atm(Ϫ/Ϫ) cerebra (Fig. 5B) .
Alterations in Mitochondrial Respiration Rate in Atm-deficient Brains-Accumulation of DNA breaks and reduced levels of pyridine nucleotides in Atm(Ϫ/Ϫ) cerebella can affect mitochodrial respiration. These findings led us to test whether Atm loss affects mitochondrial oxygen consumption. To do so we measured mitochondrial respiration rates in cerebellar and cerebral tissues of Atm(Ϫ/Ϫ) and Atm(ϩ/ϩ) mice. Fig. 6 shows that mitochondria isolated from Atm(Ϫ/Ϫ) cerebra exhibit a significantly lower rate of active respiration as calculated by the ratio of state 3 to state 4 (19% reduction, p Ͻ 0.016). State 3, termed active respiration, is defined as respiration in the presence of an oxidizable substrate and ADP and is thus a measure of the respiration coupled to ATP synthesis. State 4, or resting respiration, is the rate of respiration in the presence of substrate but in the absence of ADP and is thus a measure of the rate of respiration that is not coupled to ATP synthesis. In contrast, a significantly higher mitochondrial respiration rate was observed in Atm(Ϫ/Ϫ) cerebra (52% increase, p Ͻ 0.026). It is possible that Atm(Ϫ/Ϫ) cerebella, which are under constant stress, increase mitochondrial activity to maintain cellular homeostasis.
DISCUSSION
Several human genetic disorders involving defects in DNA damage responses are also characterized by neurological deficits. Among these are xeroderma pigmantosum, Nijmegan breakage syndrome, trichothiodystrophy, cockayne syndrome, and A-T, which is a prominent example (for review, see Ref. 32) . Surprisingly, however, Atm(Ϫ/Ϫ) mice do not show overt neurological deficits except in one report that showed abnormal differentiation in Purkinje cells and motor deficits in Atm(Ϫ/Ϫ) mice (10) . Using computerized TUNEL analysis, we were able to provide evidence of a progressive accumulation of DNA breaks in the brains of Atm-deficient mice. Our findings cannot, however, distinguish between single or double-strand breaks in the DNA, since TUNEL staining labels both types of DNA breaks.
Lee et al. (17) proposed that ATM could be important in preventing the accumulation of DNA damaged cells in the nervous system and suggested that this is mostly a developmental process and not one that progresses postnatally. According to this notion, DNA damage should be apparent in the brains of Atm(Ϫ/Ϫ) newborns or young animals rather than at older ages. Indeed, we observed such a phenomenon in the cerebrum where the early, higher level of DNA damage observed in 1-month-old Atm(Ϫ/Ϫ) mice was reduced at the age of 4 months. A possible explanation is that the removal of the DNA-damaged cells is delayed in Atm(Ϫ/Ϫ) mice. We failed to detect higher damage levels in the cerebellum of young AtmϪ/Ϫ mice, but high damage levels were noticed at 4 months of age, suggesting that in this organ the accumulation of DNA damage in these mice is a progressive process.
Studies in several laboratories, including ours (33) (34) (35) , have shown that loss of ATM resulted in a higher state of oxidative stress, especially in the cerebellum. Although the cause of this stress is not fully understood, it is possible that it is mediated by a high level of nitric oxide (NO) radicals in the cerebellum. NO reacts rapidly in vivo with the superoxide anion to form the powerful oxidant peroxynitrite (ONOO Ϫ ) (Ref. 42 and reviewed   FIG. 3 . Accumulation of DNA damage in Atm(؊/؊) cerebra. Brain slices were prepared from 1-month-(A) and 4-month-old (B) Atm(Ϫ/Ϫ) (black) and Atm(ϩ/ϩ) (gray) mice and subjected to TUNEL staining. The slices were photographed and then digitalized. The intensity of the TUNEL staining (OD) was plotted against the percentage of cerebral cells (frequency). Note that at 1 month of age (A) there is a large tail representing cells that exhibit high levels of TUNEL staining. The differences between the two curves are statistically significant as demonstrated by the Kolmogorov-Smirnov analysis (the inset plot, p Ͻ 0.01). At 4 months of age (B), the differences between the peaks decreased but remained statistically significant (the inset plot, p Ͻ 0.05). Each experiment was performed on three animals. The data are representative of three independent experiments.
in Ref. 43 ). Higher levels of superoxide anions were detected in the cerebella of Atm-deficient mice (35) , which in turn may lead to increased formation of peroxynitrite in the cerebellum. Increased levels of peroxynitrite may lead to increased DNA damage as well as protein damage by nitrating tyrosine groups of proteins and form the stable compound 3-nitrotyrosine. Indeed, Barlow et al. (33) detected increased 3-nitrotyrosine levels in extracts of brains, but not of liver, of Atm(Ϫ/Ϫ) mice, indicating NO-mediated oxidative damage of proteins. Interestingly, in brains of Alzheimer's patients, increased TUNEL labeling was associated with higher levels of 3-nitrotyrosine (36) . Our results suggest an association between increased TUNEL labeling in the cerebella of Atm(Ϫ/Ϫ) mice and high levels of 3-nitrotyrosine.
We found that ATM loss led to a progressive and significant reduction in the cerebellar levels of NADH and NAD ϩ , as well as to a significant reduction in NADP T and NADP ϩ in cerebella of 4-month-old Atm(Ϫ/Ϫ) animals. In contrast, no reduction in these pyridine nucleotides could be detected in Atm-deficient cerebra. NADPH provides the cells with reducing equivalents, while NADH serves primarily in the production of ATP. The reduction in NAD T and NADP T is probably a reflection of increased cerebellar oxidative and energetic stress. Indeed, increased rates of mitochondrial respiration were measured in Atm(Ϫ/Ϫ) cerebella compared with their control littermates, thus supporting the notion that Atm(Ϫ/Ϫ) cerebella function under energetic stress. In 4-month-old cerebella, Atm loss led to the reduction in NAD T levels and to increased mitochondrial respiration. Does this mean that the reduction in NADH levels should limit the increase in mitochondrial respiration? The NADH concentration in the mitochondrial matrix is in the mM range, whereas the K m of complex I to NADH as a substrate is around 1-2 M (44). Thus, a 60% reduction in NADH levels should not affect the ability of the mitochondria to increase their respiration rate as a result of Atm loss. NAD ϩ depletion may stem from progressive accumulation of DNA damage. This phenomenon was observed mainly in the cerebellum but not in the cerebrum. It is possible that cells showing higher levels of DNA damage are those destined to be removed and therefore do not activate their DNA repair machinery, whereas the cerebellar neurons activate this machinery. Since NADPH, NADH, and NAD ϩ affect numerous enzymatic activities, alterations in their levels should have a significant impact on cellular homeostasis and may explain part of the pleotropic effects of ATM loss. NAD ϩ is an important factor in DNA repair processes. It is the substrate of PARP, which represents an early response of DNA damage. Activation of PARP as a result of DNA damage is expected to deplete the cellular NAD ϩ content (for review, see Ref. 31) . Accumulation of DNA damage will further induce the DNA repair machinery, which will further deplete the energetic resources of the cells. In addition to PARP, the Sir2 protein family includes enzymes with NAD ϩ -dependent histone deacetylation and ADP-ribosylation activities, which are involved in transcriptional silencing (37, 38) . It has been shown that the activity of the Sir2 family of proteins is sensitive to alterations of NAD ϩ concentrations (39) . NADH is one of the most important cellular defense lines against stress conditions. The importance of NAD ϩ was demonstrated by a study showing an association between DNA fragmentation and parallel loss of NAD ϩ and energetic failure. Interestingly, feeding the mice with nicotinamide significantly increased the pool of brain NAD ϩ . A large pool of NAD ϩ provided prior to an oxidative insult (intaventricular injection of t-butylhydroperoxide) could resist NAD ϩ depletion and decrease DNA fragmentation. The restored NAD ϩ pool also led to elevated NADH, NADP ϩ , and NADPH, enabling the enhancement of energetic and oxidative defense-related activities (40) .
The finding that NADH levels are substantially lower in Atm(Ϫ/Ϫ) cerebella at 4 months of age supports our hypothesis that the cerebellum, which is most affected in A-T patients, is under constant stress. Moreover, the fact that cerebellar NADH reduction in Atm(Ϫ/Ϫ) cerebellum is progressive supports the idea that of slow accumulation of damage in these cells that may lead to the stress characteristics and neurodegeneration. The findings of higher levels of NADH as well as an increased NADH/NAD T ratio in the cerebrum (Figs. 4 and 5 ) may explain the slower rate of the degenerative processes in A-T cerebra compared with in the cerebellum.
Besides covalent protein modification and serving as a substrate for several enzymes, NAD ϩ may also be used as a signal molecule in the cytosol or in mitochondria. For example, protein modification is catalyzed by ADP-ribosyltransferases that attach the ADP-ribose moiety of NAD ϩ to specific amino acid residues of the acceptor proteins. As a result, biological activities such as DNA repair, transcription, apoptosis, neoplastic transformations, etc. may be severely altered. In addition, NAD ϩ derivatives such as cyclic ADP-ribose can participate in cytosolic calcium regulation (for review, see Ref. 39 ). Thus, the reduced levels of NADH, NAD ϩ , and NADP ϩ may lead to both increased oxidative stress and impaired signal transduction pathways.
In summary, we have demonstrated that ATM loss leads to the accumulation of DNA breaks, the depletion of pyridine nucleotides, and increased mitochondrial respiration rate in murine neuronal tissues, particularly in the cerebellum. These findings support our notion that certain tissues in Atm(Ϫ/Ϫ) mice are under constant stress. Based on these findings we suggest that ATM loss leads to the accumulation of unrepaired DNA breaks, which in turn impose constant stress on the DNA damage response mechanisms. Overactivation of these systems depletes the cells of pyridine nucleotides, followed by constant activation of critical signaling pathways that leads to severe disturbances in cellular energetic homeostasis. Further studies should reveal the mechanisms by which ATM controls cellular homeostasis. Better understanding of the ongoing stress responses in Atm-deficient tissues could offer novel therapeutic approaches to help alleviate some of the symptoms associated with A-T, primarily the progressive neurodegeneration.
